The glycolytic response of hypoxic cells is primarily mediated by the hypoxia inducible factor alpha (HIF-1a) but even in the presence of abundant oxygen tumours typically show high rates of glycolysis. Higher levels of HIF-1a in tumours are associated with a poorer prognosis and up-regulation of markers of epithelial mesenchymal transition (EMT) due to HIF-1a actions. We have recently shown that EMT occurs within the CD44 high cancer stem cell (CSC) fraction and that epithelial and EMT CSCs are distinguished by high and low ESA expression, respectively. We here show that hypoxia induces a marked shift of the CSC fraction towards EMT leading to altered cell morphology, an increased proportion of CD44 high /ESA low cells, patterns of gene expression typical of EMT, and enhanced sphere-forming ability. The size of EMT fractions returned to control levels in normoxia indicating a reversible process. Surprisingly, however, even under normoxic conditions a fraction of EMT CSCs was present and maintained high levels of HIF-1a, apparently due to actions of cytokines such as TNFa. Functionally, this EMT CSC fraction showed decreased mitochondrial mass and membrane potential, consumed far less oxygen per cell, and produced markedly reduced levels of reactive oxygen species (ROS). These differences in the patterns of oxygen metabolism of sub-fractions of tumour cells provide an explanation for the general therapeutic resistance of CSCs and for the even greater resistance of EMT CSCs. They also identify potential mechanisms for manipulation of CSCs.
Introduction
Tumours are highly glycolytic even in the presence of abundant oxygen, the so-called ''Warburg effect'' [1, 2] . Hypoxia inducible factor 1 alpha (HIF-1a) is the major factor regulating cellular hypoxic responses [3] . At high oxygen levels, HIF-1a is ubiquitinated and targeted for degradation whilst at lower oxygen levels degradation is inhibited and HIF-1a translocates to the nucleus where it dimerises with hypoxia inducible factor 1 beta (HIF-1b) and binds to the hypoxia response elements (HREs) of target genes that aid cellular adaptation to hypoxia [4] . Overexpression of HIF-1a occurs in a wide range of primary and metastatic cancers [5] , and is responsible for a range of tumour-related properties including a reduction in reactive oxygen species [6] , increased radio-resistance [7] [8] [9] , and protection of cells from drug induced apoptosis [10] and senescence [11] .
Tumour invasion and metastasis have become increasingly associated with cancer stem cells (CSCs), a sub-set of cancer cells that is capable of self-renewal, has tumour-initiating ability, and is resistant to therapy [12, 13] . Both local tumour invasion and metastasis to distant sites require migratory abilities acquired through epithelial to mesenchymal transition (EMT) of CSCs [14] during which epithelial characteristics are lost and epithelial proteins such as E-cadherin are down-regulated and of mesenchymal proteins such as Vimentin and Twist up-regulated [15] . Induction of EMT in breast cell lines results in cells acquiring the marker phenotype typical of breast CSCs, greater motility, and resistance to therapeutic agents [16, 17] .
In HNSCC and several other carcinomas, sub-populations of CSCs have high expression of CD44 [18] [19] [20] [21] . We have recently shown that in cell lines derived from oral and skin carcinomas, EMT occurs within the CD44 high CSC fraction resulting in two CSC phenotypes, one that is epithelial and shows high expression of epithelial specific antigen (ESA), and another that has EMT characteristics and low expression of ESA [22] . CSCs can switch between the epithelial and the EMT phenotypes and both fractions initiate tumours after in vivo murine transplantation [22] . As several studies have now directly linked hypoxia and high HIF-1a to EMT [23] [24] [25] [26] , we wished to know whether innate metabolic differences related to oxygen utilization exist between the epithelial and EMT CSC phenotypes. We show that low oxygen levels reversibly increase the size of EMT fractions within HNSCC cell lines and that, compared with epithelial CSCs (Epi CSC), EMT CSCs have higher levels of the hypoxic response protein HIF-1a, even under normoxic conditions. There are also major differences in metabolism of this subpopulation with the higher levels of HIF-1a expression in EMT CSCs correlating with up-regulation of glycolytic genes, a marked reduction in oxygen consumption, decreased mitochondrial mass and membrane potential, and reduced production of reactive oxygen species (ROS).
Materials and Methods

Cell Culture and Hypoxic Induction
HNSCC cell lines were grown as previously described [19] . With the exception of H357 [27] , all cell lines (Ca1, LuC4, CaLH2, CaLH3) and normal oral keratinocytes (NOK2 & NOK3) were derived in our laboratory. Tissue was collected with written informed consent following a protocol (Oral Cancer, 04/ Q0601/53) approved by the NE London & The City Ethics Committee. Hypoxic induction involved culturing cells in an InVivo1000 hypoxic chamber (Ruskinn Life Sciences, Wales, UK) at 0.2% or 2% O 2 with 5% CO 2 . HIF-1a stabilization used 1 mM Dimethyloxalylglycine (DMOG) (Sigma) and inhibition 3-(59-hydroxymethyl-29-furyl)-1-benzylindazole (YC-1) (Sigma) at 10 mM or 50 mM. For sphere formation assay, plates were coated with PolyHEMA (Sigma) (12 mg/ml in 95% ethanol) to inhibit attachment of cells plated at 1000 cells/well in FAD medium with the addition of 1% methlycellose (Sigma). TNFa treated cells were cultured for 6 or 24 hours with 10 ng/ml recombinant TNFa (R&D systems Cat# 210-TA-010).
Western Blotting
Western blotting was preformed as previously described [28] . Protein quantification used a Bradford assay and antibodies and dilutions were as follows; HIF-1a - 
Real Time q-PCR
RNA was extracted as previously described [22] , reverse transcribed into cDNA performed using Superscript III first strand synthesis supermix (Invitrogen). cDNA was normalised against the reference gene 28s-RNA. QPCR was run in an ABI7500 real-time PCR system using Power SYBR green mix (Applied Biosystems). See supporting information file (Supporting Information S1) for conditions and full primer sequences.
Flow Cytometry
Cells were analysed on a Beckton Dickenson (BD) LSR II and fluorescence-activated cell sorting (FACs) was performed on a BD Facs Aria. Cultured cells were detached using Accutase (PAA), resuspended in PBS at 1610 6 cells/ml and incubated with the antibodies against CD44 (clone G44-26, BD biosciences) and ESA (clone HEA-125, Miltenyi Biotec) at 1:100 for 15 mins. Cells were washed once before re-suspending in fresh PBS with DAPI (Sigma) at 200 ng/ml to exclude dead cells.
Oxygen and ROS Measurements
The oxygen consumption of cell line fractions was measured in 96-well oxygen biosensor plates (BD Biosciences, Oxford, UK Cat# 353830) using the protocol adapted by Heywood et al [29] , for quantitative measurements. ROS staining was carried out on sorted live cell fractions using CellROX TM (Invitrogen) at 5 mM together with Hoechst 33342 at 20 mg/ml for 30 mins as per manufacturer's instructions. Quantification was obtained by flow cytometric analysis of cells triple stained for ESA, CD44 and CellROX TM .
Lactate and Glucose Assays
Lactate was determined as previously reported, with 1610 5 cells re-suspended in 100 ml of medium (phenol red free) and incubated for 8 hours. Lactate was calculated by comparison with a standard curve for lactate (Sigma L1750) ranging from 0-10 mM. Glucose concentrations were determined using a glucose colorimetric assay kit (Abcam, ab65333). Lactate fermentation fraction was calculated by comparison of expelled lactate with the theoretical maximum calculated for the glucose used.
Mitochondrial Assays
Mitochondrial mass was assessed using MitoTracker Green TM (Invitrogen) according to manufacturer's instructions. Cultures were grown from clonal density, detached from the dish. and incubated for 15 mins at 37uC with 50 nM MitoTracker (Green) before washing and analysing. For inner membrane mitochondrial potential (IMMP) cell suspensions were loaded with Dil 1 C (40 nM) (Invitrogen) and incubated at 37uC for 15 mins before washing once and re-suspending in fresh PBS. Mean values for the EMT and non-EMT CSC fractions were expressed as fractions of the values for the corresponding parental populations.
Cell Cycle Analysis
For cell cycle analyses, cell suspensions were fixed in 70% ethanol, washed once in PBS and incubated in DAPI (1 ug/ml) (Sigma) for 20 mins together with antibodies against CD44 and ESA.
Statistical Analysis
All experiments were repeated a minimum of 3 times and comparisons between values were performed using a two-tailed paired t-test unless otherwise stated. Error bars are reported as 6SEM.
Results
Long-term Hypoxia Promotes an EMT Phenotype and Increases a Subpopulation Characterised by Decreased ESA
To assess cellular hypoxic responses to lowered oxygen concentrations, 3 HNSSC cell lines (Ca1, H357 and LuC4) were cultured in either normoxic (,20% O 2 ) or hypoxic (2% or 0.2%) levels of oxygen before preparing protein lysates to assess HIF-1a stabilization. All cell lines responded to hypoxia with increased HIF-1a protein (Fig. 1) . To determine the effects of hypoxia on the size of EMT sub-populations [22] , cells were cultured under hypoxia for up to 21 days and examined for morphological changes. Long-term cultures (14-21 days) exhibited a marked decrease in the number of cells forming cohesive colonies and an increase in the number of fibroblast-like cells ( Fig. 2A) . To establish whether this morphological change represented development of an EMT population, cells were analysed by flow cytometry for the CD44 high /ESA low EMT phenotype previously identified [22] . For all cell lines, long term hypoxia gave rise to a large increase in CD44 high /ESA low cell fractions (Fig. 2B, Fig. 2C ). Increases in EMT were less at 2% than at 0.2% oxygen. The prolylhydroxylase inhibitor, DMOG, resulted in stabilisation of HIF-1a, and also some stabilization of HIF-2a (Fig. 2D ). This was associated with an increase in cells with an EMT-like, appearance and the CD44 high /ESA low phenotype (Fig. 2D) . To determine the reversibility of EMT upon removal from hypoxia, cells cultured under 0.2% oxygen for 21 days were returned to normoxic conditions and assessed by flow cytometry at 7 day intervals. In all lines, the size of the CD44 high /ESA low EMT fraction decreased over time and by 21 days had returned back to the levels of control cultures (Fig. 2E ).
Hypoxia Induces a Cell Population with EMT-related Gene Expression Patterns and Increased Sphere Forming Ability
To determine whether the enlarged CD44 high /ESA low fraction induced by hypoxia had patterns of gene expression typical of EMT, subpopulations of Ca1 cells were FACS sorted before RNA extraction. Compared with the ESA high /CD44
high (Epi CSC) fraction, CD44 high /ESA low (EMT) fractions showed, as previously reported [22] , greater expression of the EMT-related genes Twist and Vimentin and decreased expression of E-cadherin (Fig. 3A) . Sphere forming assays, which have been used as surrogate assays for CSCs [30] , were undertaken to determine whether the increase in EMT induced by hypoxia increased the number of cells with this stem cell trait. For all cell lines, unfractionated populations of cells maintained in hypoxic conditions for 21 days formed a greater number of spheres than cells grown under normoxic conditions ( Fig. 3B & 3C) . The HIF-1a inhibitor YC-1 reduced basal levels of HIF-1a under normoxic conditions (Fig. 3D) and decreased of sphere forming ability (Fig. 3E) .
EMT Sub-fractions have Increased HIF-1a and Upregulation of Anaerobic Metabolic Genes
Under normoxic conditions, cancer cell lines, like their tumours of origin, usually show an increased proportion of energy derived from glycolytic processes together with higher levels of HIF-1a [5] . Normoxic cultures of HNSCC cell lines showed higher basal levels of HIF-1a than NOK (Fig. 4A) . The further increase in EMT cells induced by hypoxia suggested that HIF-1a expression might differ between CSC sub-fractions. EMT and Epi CSC fractions were therefore sorted from the Ca1 and LuC4 cell lines for comparison with their unfractionated populations. Compared with Epi CSCs or the parental populations, EMT cells showed higher levels of HIF-1a whereas HIF-2a was higher in the Epi CSC fraction (Fig. 4B) . As the higher levels of HIF-1a in EMT fractions could be produced by either reduced degradation or increased production of the protein,we assessed the Von Hippel-Lindau protein (pVHL) that targets HIF-1a for proteasomal degradation. However, no difference was found between fractions for pVHL protein levels (Fig 4C) . Examining HIF-1a production within the EMT fraction we found that message for HIF-1a was elevated (Fig. 4D) suggesting that increased production rather than decreased degradation leads to the elevated levels seen in EMT cells. Production of HIF-1a under normoxic conditions is increased in response to the inflammatory cytokine TNFa, [31] and this cytokine is also a potent inducer of EMT [32] . To assess the effects of TNFa on the HIF-1a within our lines cell lines under normoxic conditions, cells were cultured with TNFa for 6 or 24 hours. At both time points, and in both lines tested, elevated levels of HIF-1a were seen (Fig. 4E) . We then investigated whether the Epi and EMT sub-fractions responded differentially to TNFa and found that the higher baseline levels of HIF-1a present in EMT fractions were raised even further by TNFa (Fig 4F) . No effect on the Epi CSC subpopulation was seen indicating a selectively effect on the EMT fraction, perhaps due to the higher amounts of the TNFa receptor 1 (TNFR1) expressed by these cells.
To assess whether the higher HIF-1a levels present within EMT cells under normoxic conditions correlated with increased expression of HIF-1 downstream genes, 3 glycolytic targets were examined. Hexokinase II (Hex2), pyruvate dehydrogenase kinase 1 (PDK1), and Lactate dehydrogenase A (LDHA), were all found to be increased in the EMT fraction compared to the Epi CSC fraction (Fig. 4G) . As PDK1 is reported to influence the proportion of glucose used for the fermentation to lactate we investigated whether the observed increases in HIF-1a and its target glycolytic genes correlate with changes in glucose metabolism and the production of lactate. No differences were seen in PDK1 protein levels between fractions (Fig. S1A) and examination of glucose consumption and lactate production revealed a similar proportion of glucose anaerobically metabolised for each fraction, regardless of HIF-1a expression (Fig. S1B & C) . However total energy demand may be related to cell size and EMT CSCs were found to be smaller than Epi CSCs, an observation confirmed by forward scatter analysis (Fig. 4H ).
Oxygen Consumption is Greatly Reduced in Normoxic EMT Cells and is Associated with Altered Cell Cycle, Reduction in ROS, and Mitochondrial Changes
Hypoxic up-regulation of PDK1 by HIF1 affects mitochondrial function, oxygen metabolism and ROS production [6, 33] . To assess whether the increased levels of HIF-1a present in normoxic EMT fractions correlate with the HIF-1a functions in hypoxic fractions, sorted sub-fractions of normoxic cultures were assayed for oxygen consumption. During the first hour, and persisting for the duration of the assay (Fig. 5A) , the consumption of oxygen by the EMT fractions of both the Ca1 and LuC4 cell lines was approximately 25% less than either the Epi CSC fractions or parental populations.
To establish if reduced oxygen consumption correlated with the reduced ROS levels of EMT cells, live EMT and Epi CSC cells were compared using the ROS marker CellRox TM Deep Red Reagent. Much less staining for this marker was seen for EMT cells (Fig. 5B) and cytometric quantification of ROS in cells triple stained for ESA, CD44 and CellRox TM confirmed less ROS in the EMT CSC population (Fig. 5C) . QPCR (Fig. 5D ). Western blotting (Fig 5E) showed the ROS scavenger superoxide dismutase 2 (SOD2) to be highly expressed within EMT CSCs. As oxidative phosphorylation occurs within mitochondria, it was anticipated that altered oxygen consumption might be related to altered mitochondrial states within CSC sub-populations. Differences in total mitochondrial mass between cell sub-populations were therefore assessed by triple-staining for ESA, CD44 and MitoTracker Green TM . For all cell lines, EMT fractions showed significantly less mitochondrial mass (,10%) than the parental population and a striking 40% reduction compared to the Epi CSC population (Fig. 5F ). As a marker of functon, inner mitochondrial membrane potential (IMMP) was assessed by loading cells with Dil 1 C(5). This showed a lower IMMP (,10%) for EMT fractions than parental populations and an even lower level compared with Epi CSCs (Fig. 5G) . Assessment of cell cycle differences between cell fractions indicated that Epi CSCs tended to accumulate in G2, as previously shown [18] , whereas the majority of EMT cells were present in G1 (Fig. 5H) .
Discussion
We have recently described heterogeneity within the CSC subpopulation [22] and that while the majority of CSCs have a CD44
high /ESA high cell surface phenotype and express epithelial markers, a variably sized fraction of CSCs has undergone EMT. Both the Epi and EMT CSC populations are self-renewing in vitro and are tumour initiating if transplanted in vivo (25) . However, EMT CSCs are resistant to anoikis and have greater ability to grow in suspension as tumour spheres, a property that provides a surrogate assay for this population. Assessed either morphologically or as CD44 high /ESA low cells, the small EMT fraction typically present in cell lines under normoxic conditions increases greatly in response to hypoxia or after stabilization of HIF-1a protein, changes consistent with previous reports [23] [24] [25] [26] . This enlarged population displays a gene expression profile typical of EMT and has enhanced sphere-forming ability. After accelerated degradation of HIF-1a there is a reduction in sphere formation. Taken together, these findings indicate that HIF-1a has a functional role in inducing and maintaining the CSC EMT phenotype.
HIF-1a is recognised to drive cells towards a metabolic phenotype with reduced oxidative metabolism and increased lactate production, mediated in part by the up-regulation of PDK-1 [6, 33] . Under normoxic conditions, we find an approximately 50% greater rate of synthesis of HIF-1a within the EMT fraction and that this correlated with higher protein levels. Similar levels of pVHL protein suggested no change in the rate of degradation and we therefore conclude that the higher level of HIF-1a within EMT is maintained by increased production. EMT is reported to be induced by TGF-b1, interleukins and inflammatory cytokines such as TNFa, which has also been reported to increase production of HIF-1a [31] . We have confirmed similar responses of our cell lines and also show that EMT cells respond selectively to TNFa by increasing their level of HIF-1a. This importantly implicates effects of the tumour microenviroment in shifting and maintaining the EMT phenotype and therefore the progression and invasion of tumours.
HIF-1a production has also been suggested due to a feedforward loop with PDK-1 [34] . However although we found increased message for PDK-1 within the EMT CSC subpopulation we found no change in protein levels. Also no difference was found between the epithelial and EMT fractions in the proportion of glucose metabolised to lactate which was about 60% for all subpopulations, a percentage similar to that reported by Warburg over 80 years ago [1] . However, proportional to EMT CSCs size, the amount of glucose usage would be higher and this taken together with the marked reduction in oxygen consumption, suggests a reduced dependence on oxidative phosphorylation with EMT cells being less metabolically active than Epi CSCs. The cell cycle changes found are also suggestive of a more quiescent EMT phenotype as has previously shown for EMT cells in HNSCC lines [35] .
Under hypoxia, HIF1 acting through PDK1 [6] leads to a reduction in mitochondrial oxygen consumption [33] and reduced production of ROS. Over-expression of PDK1 also correlates with poor prognosis [36] . Higher expression levels of HIF-1a and PDK1 were found within the normoxic CSC EMT population accompanied by a reduction in oxygen consumption and lower ROS levels, changes similar to those reported for cells under hypoxic conditions. The high levels of SOD2 in EMT CSCs would also function to inactivate such ROS as might be produced. Papandreou and co-workers [33] , examining unfractionated tumour populations, detected no structural changes in mitochondria. However, analysing differences between CSC sub-fractions showed a reduction in mitochondrial mass in EMT CSCs together with a lower relative IMMP which points to reduced mitochondrial function. Zhang et al [37] have reported repressive actions of HIF1 on mitochondrial biogenesis through repression of transcription by C-Myc [38, 39] and we have previously reported down-regulation of C-Myc in the normoxic EMT sub-population [22] . PCR analyses (data not shown) also indicate down regulation of C-Myc within the enlarged hypoxic EMT fractions.
CSCs have several unique properties that distinguish them from the bulk of the differentiating cell population [12, 18, 30] and recent publications have associated acquisition of stem cell properties with EMT. For example, induction of EMT in a non-tumorigenic breast cell line by treatment with TGF-b1 leads to acquisition of the CD44 high /CD24 low cell surface phenotype typical of breast CSCs that have tumour-initiating and tumour-sphere forming abilities [16] . Radiation therapy is widely used for treatment of HNSCC and low levels of oxygen and cellular ROS, together with higher levels of antioxidants, are critical mediators of reduced cell killing by irradiation [12] . Low oxygen levels are associated with radiotherapy failure [40] and it is therefore of particular clinical interest that hypoxic induction of CSCs into the EMT phenotype would increase yet further the general resistance to various therapeutic modalities shown by CSCs [17] . The present data extends these findings, first by supporting the presence, as previously reported [22] , of two stem cell phenotypes and, secondly, by showing several additional properties of the EMT CSC phenotype that are likely to be associated with enhanced therapeutic resistance. The metabolic properties of the EMT CSC fraction, and its increase in size in hypoxia, are likely therefore to act to enhance radiation resistance. Further, the slower cell cycle and mitochondrial reduction in EMT CSCs may also have implications for apoptotic responses to both radiation and anticancer drugs. It appears that therapeutic elimination of the less metabolically active EMT population will require targeted treatment and that the models of EMT induction, through both hypoxia and cytokines may provide a crucial platform for development of such therapies. 
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